Background-Left ventricular (LV) remodeling has been attributed to the segmental loss of viable myocardium due to myocardial infarction (MI), which results in redistribution of cardiac workload, with increased regional wall stress in and around the infarct zone. Because ventricular pacing has been shown to reduce regional wall stress and workload in regions near the pacing site, this trial was designed to test whether chronic pacing near the infarct attenuates LV remodeling. Methods and Results-Eighty patients with an anterior MI, peak creatine kinase Ͼ2000 mU/mL, ejection fraction Յ35%, wall motion abnormality (WMA) 
A lthough advances in acute revascularization and pharmacological management have increased acute myocardial infarction (MI) survival, the annual incidence of MI in US adults has remained relatively constant, 1,2 and the development of post-MI heart failure (HF) has increased. 3, 4 The Defibrillator in Acute Myocardial Infarction Trial and Immediate Risk Stratification Improves Survival studies tested whether implantable cardioverter-defibrillator (ICD) implantation in high-risk patients early after an MI could reduce overall mortality. 5, 6 Unfortunately, although these studies showed a reduction in arrhythmic death, this was offset by an increase in nonarrhythmic death. Progressive pump failure continues to be a problem of significant magnitude, and further strategies are needed to improve long-term outcomes after MI.
Clinical Perspective on p 658
The severity of remodeling has been shown to be one of the major determinants of poor outcomes, including HF, hospitalization, and death. 7 Ventricular remodeling has been attributed to the segmental loss of viable myocardium due to MI, which results in redistribution of cardiac workload, with increased regional wall stress in the susceptible infarct zone (IZ) and peri-infarct zone (PIZ). 8 -11 It is possible that a strategy to reduce regional wall stress in the IZ and PIZ early after an MI may be beneficial in attenuating chronic adverse remodeling. 12, 13 Ventricular pacing has been shown to significantly reduce regional wall stress and workload near the pacing site. 14 The preexcitation of a region through pacing causes the region of early activation to contract against a reduced afterload, thereby reducing the wall stress in that area, and distributes the local stress over a thicker surface. 15 Using magnetic resonance-tagged imaging in dogs, it has been demonstrated that pacing can alter midwall fiber shortening with a redistribution of work, reducing workload by 50% at the pacing site and increasing workload by 50% at remote regions. 14 The modulation of myocardial activation pattern may be used to chronically unload the IZ and the PIZ and can be accomplished using currently available biventricular pacing devices. Results from animal studies suggest that pacing in the IZ or PIZ may reduce wall stress in the regions near the pacing site without a significant effect on global stroke work both acutely and chronically. 13, 15 In a swine model, electrical preexcitation applied to the IZ and PIZ for 60 days beginning immediately after left circumflex artery ligation reduced ventricular remodeling compared with no preexcitation. 13 The Prevention of Myocardial Enlargement and Dilation Post Myocardial Infarction Study (MENDMI) tested the hypothesis that preexcitation therapy using existing pacing technology delivered in the IZ or PIZ early post-MI can relieve regional stress and attenuate remodeling in patients with a large anterior infarct and systolic dysfunction.
Methods

Study Design
MENDMI was a prospective, randomized, patient-blinded feasibility study that enrolled patients with anterior MI who had a peak creatine kinase level Ͼ2000 mU/mL within the first 72 hours of presentation. Eligibility criteria included a QRS duration Ͻ120 ms measured by 12-lead ECG at any time after the most recent MI plus an ejection fraction (EF) Յ35% and abnormal wall motion in at least 5 of 16 possible segments measured 2 to 14 days after presentation. Exclusion criteria were permanent or persistent atrial tachyarrhythmia, cardiogenic shock, 2°or 3°heart block, marked renal dysfunction, coronary artery bypass grafting 30 days before or after enrollment, pregnancy, life expectancy of Ͻ6 months due to noncardiac causes, New York Heart Association (NYHA) class IV, placement on a heart transplantation list, or previous implantation with a pacemaker, ICD, or CRT device. All patients signed informed consents.
A sample size estimate of 50 complete data sets for the randomized groups was based on a 2-sample Student t test with 80% power and a difference in left ventricular (LV) end-diastolic volume (EDV) means of 20 mL and SD of 25 mL. Based on this estimate, the MENDMI study was approved by the Food and Drug Administration on April 14, 2005 , to enroll 60 randomized patients, with a total patient ceiling of 90. To offset attrition, a protocol revision was approved by the Food and Drug Administration on January 10, 2007 , that added 20 patients to the randomized arms, thus bringing the randomized patient number to 80 (total 110). The study was closed to further enrollment on March 13, 2008 , after filling the randomized arms. The study was conducted under the approval of the investigational review boards of the 29 participating centers (see online supplement).
Therapy
All patients randomized to the control arm received either a singleor a dual-chamber ICD (Ventak Prizm or Vitality; Guidant/Boston Scientific; St Paul, Minn) 3 to 14 days after their MI. All right ventricular (RV) leads were placed in the apical region. The specified programming mode and lower rate limit for the control group (ICD) was VVI-40.
All patients in the therapy group received a Guidant CRT-D system (Contak Renewal and Livian). The right atrial lead position was determined by the implanting physician. All RV leads were placed in the apical region. Using a transvenous approach, the LV leads were placed near the infarct border, as determined by echocardiography. Based on venous anatomy, the leads were preferentially placed in a lateral vein (anterior branch recommended) or if a suitable lateral vein was not available, in an anterior vein (superior and basal to the MI location). The LV lead could not be placed in the PIZ apical or inferior to the MI but could be in the infarct as long as acceptable pace and sense parameters were obtained. Placement on the posterior wall or any other region remote from the infarct area was not allowed. Lead positions were documented with drawings and with fluoroscopic and radiographic images. This documentation was then analyzed by 3 core laboratory physicians, and the lead locations were assigned to specific segments of a 16-segment LV model.
The specified CRT programming mode and lower rate limit for the therapy group was VDD-40 or DDD-40. The AV delays were programmed to 70% of the intrinsic AV interval measured by device intracardiac signals. The AV delay programming was checked at each follow-up and adjusted if necessary. All remaining device programming was left to the discretion of the physician.
Testing Procedures
Although the reading of the initial echocardiogram to determine eligibility for enrollment (EF and WMA) was performed locally at each site before enrollment, all echocardiographic data used in the end point analysis, including the enrollment data, were generated at a core center (St Paul Heart Clinic, St Paul, Minn) 16 by a single technician and overread by a board-certified cardiologist. The studies were blinded to each patient's therapy assignment and reviewed in random order. All end point assessments were made with pacing turned on and turned off for at least 5 minutes. The echocardiographic measurements were made using GE EchoPAC 7.0.0 (GE Vingmed Ultrasound; Milwaukee, Wis) whenever possible or ProSolv CV Analyzer 3.0 software (ProSolv Cardiovascular; Indianapolis, Ind). Volumes were calculated using the Simpson method of discs from standard apical 4-chamber (A4C) and 2-chamber (A2C) views.
Biplane LV volumes were calculated as well. WMA scores were assessed in a 16-segment model as described by the standards of the American Society of Echocardiography. Each segment was scored as follows: 1ϭnormal, 2ϭhypokinetic, 3ϭakinetic, and 4ϭdyskinetic. Global scores were calculated by dividing the total score by the number of analyzable segments. Regional scores were calculated by averaging the WMA in an individual segment with each of its adjacent segments. Five percent of the echocardiograms were randomly selected for variability assessment.
At each follow-up visit, device programming, spontaneous arrhythmia episodes, and lead measurement data were collected. NYHA functional classification and MacNew quality-of-life questionnaires 17 were obtained at predischarge and at each additional follow-up visit. Participating centers were asked to submit an adverse event for either an arrhythmia or an inappropriate therapy whenever antiarrhythmia therapy was delivered.
Data Analysis
The primary end point was 12-month change in LVEDV. The specific method of echocardiography measurement was not prespecified (ie, biplane, A4C, A2C); thus, all views are presented. Effectiveness also was assessed by change in EF, WMA, NYHA class, and quality of life. In this protocol, safety was assessed using the prespecified therapy-related event-free rate that included LV lead dislodgement, postimplantation LV lead repositioning, permanent failure to deliver biventricular pacing, ventricular tachyarrhythmia, hospitalization due to cardiac causes, and all-cause mortality. The study was not powered to detect differences in therapy-related event-free rates, hospitalizations, or mortality. Prospectively defined reasons for patient exclusion from end point analysis included ventricular pacing Ͼ5% of the time or upgrade to a CRT device in the control arm or permanent loss of capture for a patient in the therapy arm. Statistical comparisons between groups were made using 2-sample t tests. Regression models that accounted for baseline covariates were not used for these analyses. If the distribution of the outcome failed to meet the normality assumption, as determined by the Shapiro-Wilk test for normality, medians also were presented, and Wilcoxon sign rank tests were used to make statistical comparisons. Statistical significance of changes from baseline in continuous outcomes within the randomization arms was determined with 1-sample t tests. Categorical measures and outcomes were summarized using counts and percentages, and any statistical comparisons were made using Fisher exact test.
Results
Eighty patients were randomized in a 1:1 ratio to control (ICD) or therapy (CRT-D) arms (Figure 1 ). Thirty-five of the 38 patients randomized to the control arm received either a single-chamber (nϭ23) or dual-chamber (nϭ12) ICD between 72 hours and 14 days after MI. Two control patients withdrew participation before implantation, and 1 patient was found not to meet inclusion criteria after randomization but before implantation. One control patient was lost to followup. For the control patients, all of the lifetime ventricular pacing percentages were Ͻ2%, and no patients received an upgrade to a CRT device.
Thirty-eight of 42 patients in the therapy arm received a CRT-D system implantation between 72 hours and 14 days after MI, and 1 patient received the implant at 16 days. One patient withdrew before implantation, and in 2 patients, the LV leads could not be placed. Seven patients in the therapy arm were excluded due to loss to follow-up or loss of capture, including 5 with LV lead dislodgements and 1 with LV pacing turned off due to diaphragmatic stimulation that could not be alleviated through programming (Figure 1) . A lateral vein approach was used 41% (16/39) of the time, and an anterior vein approach was used 53% (21/39) of the time. For 1 patient, the "posterior vein" was used, and for another, a "high anterolateral" vein approach was used. When the final lead positions were compared with the regions of baseline WMA, we found that a lead (LV or RV) was consistently placed in (31/38) or adjacent to (7/38) the segment representing the region of highest WMA.
Baseline Characteristics
The baseline characteristics for the therapy and control groups are summarized in Table 1 . No significant differences were noted between the 2 groups ( Table 1 ). All but 1 patient had a blockage in the left anterior descending artery, and the resulting infarcts were all anterior, anteroseptal, or anterolateral in location. Revascularization characteristics were also similar between the 2 groups ( Table 2 ). Six patients in each randomized group had a history of MI (15% total), and 1 patient in each group had a history of HF. Center-reported EF on enrollment was 29Ϯ6% and 28Ϯ6% for the control and therapy arms, respectively (Table 1) ; however, when the same echocardiography studies were analyzed by the core laboratory, the average enrollment EF values for the control and therapy arms were 38Ϯ8% and 38Ϯ7%, respectively (Table 3 ). There was similar pharmacological therapy in both groups. At postimplantation discharge, 94% of patients in each group were receiving ␤-blocker therapy, and 94% of control and 88% of therapy patients were receiving angiotensin-converting enzyme inhibitors or angiotensin-II receptor blockers. At 12 months, 94% of control and 100% of therapy patients were on ␤-blocker therapy, whereas 84% of control and 94% of therapy patients were on angiotensin-converting enzyme inhibitors or angiotensin-II receptor blockers.
Efficacy
The effect of peri-infarct preexcitation pacing on the primary end point-change in LVEDV from baseline to 12 monthswas measured using the biplane method of disks (modified Simpson method) and in the single-plane A4C and A2C views. There were no statistically significant differences between the therapy and control groups in the degree of change in LVEDV (Figure 2 ), LV end-systolic volume (ESV), or EF from baseline to 12 months (Table 3) . The intraobserver and interobserver variability for each view is presented in Table 4 .
Using WMA as an exploratory and hypothesis-generating marker of post-MI LV dysfunction, 18 we found a greater reduction in the prespecified global WMA score at 12 months in the therapy patients compared to controls (Ϫ0.16Ϯ0.28 versus Ϫ0.01Ϯ0.24, respectively; Pϭ0.03) ( Figure 3A ) that was maintained when pacing was turned off (pacing off, Ϫ0.22Ϯ0.29; 2-sample t test versus ICD Pϭ0.003). There was also a reduction in the total number of segments with abnormal wall motion (ie, WMA score Ն2) in the therapy arm compared with controls (Ϫ1.20Ϯ2.70 versus 0.40Ϯ2.49, respectively; Pϭ0.02) ( Figure 3B ). This difference also was maintained with pacing turned off (pacing off, Ϫ1.83Ϯ2.81; 2-sample t test versus ICD Pϭ0.002). Data are presented as n (%), unless otherwise indicated. CK indicates creatine kinase; DES, drug-eluting stent; PCI, percutaneous coronary intervention; PTCA, percutaneous transluminal coronary angioplasty.
At 12 months, NYHA functional class improved or remained unchanged in 21 (66%) patients in the control group compared to 24 (77%) in the therapy group (Pϭ0.30). Although there was a significant difference in the average global MacNew heart disease quality-of-life score at 1 month (control group, 4.5Ϯ1.1; therapy group, 5.2Ϯ0.9; Pϭ0.01 [larger is better]), this difference was not sustained at follow-up measurements. No significant differences were found in median baseline to 12 months brain natriuretic peptide (ICD, 309 to 105 pg/mL; CRT, 426 to 114 pg/mL).
Safety Analysis
No differences between randomized arms were found in the composite therapy-related event-free rate (CRT, 47.6%; ICD, 57.9%; Fisher exact Pϭ0.38) ( Table 5 ). The overall adverse event-free rates in the CRT-D and ICD arms were 14.3% and 26.3%, respectively (Fisher exact Pϭ0.09); however, 26.2% (11/42) of CRT-D patients had an LV lead-related adverse event, whereas ICD patients did not receive an LV lead. When the LV lead-related events were excluded, the adverse event-free rates were very similar between CRT-D and ICD patients (23.9% versus 26.3%, respectively; Fisher exact Pϭ0.80). Five (11.9%) of the CRT-D patients had LV lead-related adverse events classified as complications (ie, an adverse event that resulted in death, serious injury, correction using invasive intervention, or permanent loss of device function). No unanticipated adverse events occurred and no deaths were classified by the Clinical Events Committee as being related to the investigation or procedure. One therapy patient was hospitalized after a failed ICD induction, and this was the only hospitalization classified as related to the investigation and procedure. The 12-month all-cause mortality rate for all the randomized patients was 2.5% (nϭ80; average follow-up, 320Ϯ101 days; range, 1 to 542 days), with 1 death in each of the randomized arms. One control patient also received a heart transplantation. Six patients in the control arm and 7 in the therapy arm received antiarrhythmic therapy that included 1 therapy and 1 control patient who received defibrillation for true episodes of ventricular fibrillation at 9 and 18 days post-MI, respectively, as well as 1 control patient who received antitachycardia pacing at 39 days. All patients receiving early antiarrhythmic therapy lived to study completion.
Discussion
The main findings of MENDMI are that PIZ pacing did not meet its primary end point of attenuating LVEDV dilation at 12 months. There were no significant differences in NYHA functional class or quality of life between the 2 study arms, and LV pacing early post-MI did not show evidence of major negative consequences.
Clinical feasibility of PIZ pacing after MI (30 to 45 days) was first demonstrated in the Ohio Pacing Post-infarction Study (OPIS). 19 In this observational pilot study of 18 patients, no deaths occurred, no patients receiving CRT-D devices deteriorated in NYHA class, and therapy patients had improved quality of life at 1 year (similar to controls). Although 1 patient had a lead dislodgement, no unanticipated adverse events were reported. In addition, although not statistically powered, the CRT-D patients tended to have both smaller LVEDV and LVESV at 1 year. In OPIS, the patients were enrolled after 30 days and already had enlarged LV volumes. With MENDMI, it was hypothesized that an earlier PIZ pacing might prevent remodeling. To select patients with a high probability of remodeling, a number of recognized early predictors were used, including infarct location (anterior), magnitude of injury (high peak creatine kinase), poor systolic function (low EF), and extent of affected area (number of segments with WMA). However, the meanϮSD biplane LVEDV remodeling response shown in the MENDMI patients (ICD, ⌬11 mLϮ31 mL) was smaller than anticipated (⌬20 mLϮ25 mL) and may have reduced our ability to show an effect of preexcitation on this end point. Although pacing did not significantly prevent LV dilation at 1 year in MENDMI, in exploratory analysis there appeared to be a lasting benefit on global wall motion regardless of whether the pacing was on or off ( Figure 3) . In light of the negative primary findings, these findings also should be viewed with skepticism. There was a 5-minute delay between on and off measurements, and it is possible that the benefit may have dissipated with a longer delay. However, because WMA is a known post-MI risk factor for remodeling 20, 21 and mortality, 22 it may be that with a longer follow-up, this theoretical benefit could be followed by an attenuation of deleterious remodeling.
It is possible that remodeling was not attenuated with PIZ pacing simply because this may not be an efficacious therapy to improve post-MI remodeling. It is also possible that the patients did not receive the intended preexcitation therapy. The recent work of Rademakers et al 23 suggested that optimization of lead location, as well as AV and VV delay on a per-patient basis, may be necessary for optimal implementation of pacing therapies post-MI. Thus, although the device counters indicated a high percentage of LV pacing, the possibility of ineffective regional unloading due to fusion or pseudofusion with the tested therapy parameters cannot be ruled out.
There was a relatively low mortality rate (2.5%; 2/80 patients) at 1 year in MENDMI; however, the annual arrhythmic rate was 16% (13/80), which aligns with the event rates reported from trials like Multicenter Automatic Defibrillator Implantation Trial II (17% per year). 24 Possible explanations for the low mortality include the high rates of revascularization, excellent care, and exclusion of early acute MI mortality (eg, in prehospital and in hospital mortality; MENDMI patients were enrolled at least 5Ϯ3 days after symptoms). In addition, the 3 patients who received defibrillation for true episodes of ventricular fibrillation before the 40 days post-MI may have been saved from death.
There was a nonstatistically significant trend for more adverse events and a lower composite therapy-related eventfree rate in the therapy group that appears to be driven by LV lead issues. The control group did not receive LV leads, and the LV lead complication rate (11.9%) in the therapy group was not substantially higher than that found in other contemporary CRT trials, such as the Resynchronization Reverses Remodeling in Systolic Left Ventricular Dysfunction trial (9.5%). 25 In MENDMI, the implanting physicians were required to place the leads within 2 cm and were advised to use specific implantation routes. These implantation restrictions may have resulted in more-difficult lead placement and, hence, a slightly higher rate of related issues. Although these findings suggest that the placement of pacing leads near or in recent MIs may be feasible, it is worth pointing out that no adverse event rate is tolerable in the absence of therapy benefit and that the small trial size and short follow-up duration preclude a meaningful analysis of event rates.
Limitations
The present study had several limitations. First, although there were no noted baseline differences between the study groups, important determinants of LV remodeling, such as the success of revascularization (thrombolysis in myocardial infarction flow), the degree of target vessel restenosis, or occurrence of new coronary lesions during follow-up, were not assessed in this study and may have influenced the outcomes. Second, it is difficult to confirm that the patients received the intended preexcitation therapy; thus, it remains unclear whether regional unloading was insufficient in preventing post-MI remodeling. The large anterior MI inclusion criterion was designed to minimize the impact of lead placement because the RV and LV lead combination should "straddle" and preexcite an anterior infarct. Third, the use of echocardiography for LV volume measurements was not optimal given the inherent variability and technical pitfalls of the technique. However, this negative had to be balanced with the advantages of universal access, relatively low cost, lack of radiation and contrast, and compatibility with implanted devices. The accuracy may have been enhanced with 3D echocardiography or the use of LV contrast, and ideally in the future, MRI may be used with compatible devices. Finally, because the primary end point of this study was not met, we must also be cautious about conclusions drawn from the subsequent WMA analysis. In this case, formal statistical determination of significance is not possible given that the primary end point was not positive and that these findings are merely exploratory and hypothesis generating. We must also be cautious when interpreting the safety measures because the small cohort sizes may have resulted in a lack of difference between the groups.
Conclusions
Chronic pacing in the infarct region did not alter the primary end point of LV remodeling over 1 year.
